The peopling of Greenland has a complex history shaped by population migrations, isolation and genetic drift. The Greenlanders present a genetic heritage with components of European and Inuit groups; previous studies using uniparentally inherited markers in Greenlanders have reported evidence of a sex-biased, admixed genetic background. This work further explores the genetics of the Greenlanders by analysing autosomal and X-chromosomal data to obtain deeper insights into the factors that shaped the genetic diversity in Greenlanders. Fourteen Greenlandic subsamples from multiple geographical settlements were compared to assess the level of genetic substructure in the Greenlandic population. The results showed low levels of genetic diversity in all sets of the genetic markers studied, together with an increased number of X-chromosomal loci in linkage disequilibrium in relation to the Danish population. In the broader context of worldwide populations, Greenlanders are remarkably different from most populations, but they are genetically closer to some Inuit groups from Alaska. Admixture analyses identified an Inuit component in the Greenlandic population of approximately 80%. The sub-populations of Ammassalik and Nanortalik are the least diverse, presenting the lowest levels of European admixture. Isolation-by-distance analyses showed that only 16% of the genetic substructure of Greenlanders is most likely to be explained by geographic barriers. We suggest that genetic drift and a differentiated settlement history around the island explain most of the genetic substructure of the population in Greenland.
INTRODUCTION
The peopling of Greenland was the result of a complex set of population migrations and adaptation to the harsh living conditions of the arctic setting. The earliest inhabitants of Greenland were PaleoEskimos, comprising distinct extinct groups that are archaeologically associated with (1) the Independence I -Saqqaq and Pre-Dorset cultures, present approximately 3900 to 2500 years ago (YA), and (2) the Independence II -Dorset culture, which lasted from 2500 until 700 YA. 1 Approximately 1500 YA, Neo-Eskimo coming from Alaskathe Thule -spread to the East and settled in Greenland. [2] [3] [4] In 985 AD, the Norse, who arrived from Iceland, settled on the East coast of Greenland and founded Norse communities that existed for approximately 500 years. 5 In the eighteenth century, another wave of immigration reached Greenland, mostly from Norway and Denmark. 5 As of 2009, Greenland has four municipalities: Kujalleq, Semersooq, Qeqqata and Qaasuitsup ( Figure 1 ). The number of inhabitants per municipality ranges from 7151 in Kujalleq to 21 868 in Semersooq, with a total of 56 370 inhabitants on the entire island (http:// www.stat.gl; data from January 2013). Owing to the harsh climate, the majority of the population is concentrated on the West coast.
Studies based on uniparentally inherited markers have shown that the Y-chromosomal gene pool of Greenlandic people comprises approximately equal numbers of European and Inuit lineages, [6] [7] [8] [9] but the set of mtDNA haplogroups revealed an overwhelmingly Inuit component, with no European lineages detected. 10 More recently, Helgason et al 4 reported evidence of an intricate pattern of mtDNA variation in Greenlanders. The analysis of different regions within Greenland showed high heterogeneity on the island, suggesting that, in addition to the Thule, other Inuit might have contributed to the current-day genetic variation of Greenlanders. The complexity of the Greenlandic population was also affirmed through recent studies based on whole-genome and mtDNA analyses of a Paleo-Eskimo. 1, 11 Taken together, these studies provided indications of a sex-biased and heterogeneous process of admixture between North-European and Inuit populations that deserves to be further explored.
The present work focused on the analysis of autosomal and X-chromosomal data in Greenland, aiming to increase the knowledge of the history and diversity among Greenlanders. Owing to its mode of inheritance, the X chromosome is expected to retain signs of linkage disequilibrium (LD) for longer periods of time than autosomes. Unlike the analysis of mtDNA and the Y chromosome, which inform about the history of female or male lineages, respectively, the autosomes and the X chromosome allow the simultaneous study of both sexes. Moreover, the fact that males only have one copy of the X chromosome provides direct access to their haplotypes, 12 which is an advantage for the direct study of LD when compared with autosomes. Taken together, the results show that genetic drift and a differentiated settlement history around Greenland were responsible for shaping the patterns of diversity observed in Greenlanders.
MATERIALS AND METHODS

Autosomal STR markers
Population samples. DNA of 867 unrelated individuals from Greenland (N ¼ 505) and Denmark (N ¼ 362) were analysed. The Greenlandic sample was comprised of individuals born in Greenland who self-identified as Greenlanders. This sample was further divided into 17 groups according to the place of birth of the individuals (see Figure 1) . Subsamples with o10 individuals (from Qaanaaq, Kangaatsiaq and Illoqqortoormiut) were only used in the pooled Greenlandic sample.
Autosomal STR genotyping. DNA samples were analysed for 15 autosomal STR markers using the AmpFcSTR Identifiler PCR Amplification kit (Life Technologies, Carlsbad, CA, USA) following the manufacturer's recommendations.
X-chromosomal markers
Population samples. A total of 477 male DNA samples from Greenland (N ¼ 312) and Denmark (N ¼ 165) were selected for this study. Moreover, Genotyping of X-chromosomal markers. The samples were genotyped for three different sets of X-chromosomal markers: (i) 12 X-STRs included in the Investigator Argus X-12 kit (Qiagen GmbH, Hilden, Germany); (ii) a set of 33 insertion-deletion polymorphisms (indels), 32 of which were previously reported by Pereira et al; 13 and (iii) a set of 25 X-chromosomal SNPs. 14 The number of individuals analyzed is presented in Table 1 (references for previously published data are also presented). Information on X-chromosomal marker names and their physical and genetic locations is provided in Supplementary Table S1 .
Ethical approval
All samples involved in the study were anonymised DNA extracts previously obtained from healthy individuals from paternity cases from the Section of Forensic Genetics, Department of Forensic Medicine, Faculty of Health and Medical Sciences, University of Copenhagen, Denmark. For autosomal markers, the alleged parents were included in the study. In the case of X-chromosomal markers, the alleged fathers and the sons were selected. 
Statistical analyses
Intrapopulation variability. Allele frequencies, mean numbers of pairwise differences and expected heterozygosities of autosomal and X-chromosomal markers were estimated using the Arlequin v.3.5 software. 15 Deviations from Hardy-Weinberg expectations (HWE) for autosomal markers were also investigated with the Arlequin v.3.5 software 15 using 1 000 000 Markov chain steps. No tests for HWE were performed on X-chromosomal markers, as only male individuals were analysed. Significant association between pairs of loci in X-chromosomal male haplotypes was tested with an exact test of LD, 16 as implemented in the Arlequin v.3.5 software. 15 The Markov chain analysis used 1 000 000 steps. Isolation by distance. The correlation between genetic and geographic matrix distances was studied in the isolation-by-distance (IBD) software v.1.5.2, 19 using pairwise F ST from autosomal data and the geographic distances in kilometres (km). Two possible scenarios of dispersion were considered, one using the minimum surface distances and the other coastal distances between the sample locations. The significance of the correlation was tested using a Mantel test with 100 000 randomisations. Rousset's genetic distances, 20 calculated as F ST /(1 ÀF ST ), were plotted for both scenarios and a reduced major axis regression was used to calculate the regression parameters (slope, intercept and R 2 ).
Population structure. The genetic structure of the Greenlandic population was further analysed using a Bayesian method implemented in the software STRUCTURE v.2.3.4. 21 Analyses were carried out for both autosomal and X-chromosomal markers using 1 000 000 steps of burn-in followed by 1 000 000 repetitions for the MCMC; the 'admixture' and 'correlated allele frequencies' models were considered. The most probable number of populations was given by the posterior probability values, ln Pr(X|K). The number of clusters (K) considered in the analyses ranged from 1 to 5 and 1 to 3 (for autosomal and X-chromosomal markers, respectively). Only results for K ¼ 2 are presented; results for K42 can be found in Supplementary material. For each K value, three independent runs were performed. The Danish population was also included to provide a reference for the European ancestry. For X-chromosomal markers, the results from two Asian populations (Bangladesh and Taiwan) were also included. Cluster membership coefficients (Q) were visualised using the software programmes CLUMPP v.1. Genetic diversity of the Greenlandic population V Pereira et al exception of D19S433 in Danes and D5S818 in the Greenlandic population in Aasiaat (after Holm-Šidák correction). Values of average gene diversities over loci and mean numbers of pairwise differences (and their standard deviations) are presented in Table 1 .
The lowest values of intrapopulation diversity for both autosomal and X-chromosomal markers were consistently found in the Greenland population ( Table 1 ). The populations of Ammassalik and Nanortalik showed the lowest values of heterozygosity for autosomal STRs (0.654 and 0.668, respectively), whereas Narsaq (0.737) and Paamiut (0.742) were among the most diverse populations in Greenland (Supplementary Table S3 ). The reduced diversities found in Greenland were in agreement with previous studies. 4, 24 This result can be explained by the past and present demography of the Greenlanders, in which small populations are isolated owing to the remoteness of the geographical location they inhabit and the limited transportation links between locations.
LD analysis
Analysis of pairwise LD for 70 X-chromosomal markers in male individuals from Denmark, Greenland, Bangladesh and Taiwan revealed a higher level of LD in the population of Greenland than in the Danish and Asian populations (in accordance with previous publications 24 ). Seventeen out of 2415 pairs of loci showed statistically significant allelic association in Greenland (after HolmŠidák correction). In contrast, Denmark and Bangladesh showed significant levels of LD in three pairs of loci and no markers were found to be in LD in the Taiwanese population. The results presented here are consistent with previous studies based on uniparentally inherited markers and with the complex history of Greenlanders. As mentioned previously, owing to its mode of inheritance, the X-chromosome retains higher levels of LD for longer periods of time. 12 Moreover, owing to the different number of X chromosomes present in each sex, the X chromosome will tend to reflect primarily the population history of females. Studies based on mtDNA have highlighted the absence of European lineages in Greenland and the possible existence of bottlenecks through its history. 4, 10 The reduction of effective population size, at least in females, and the population differentiation among Greenlandic sub-populations could partially explain the levels of LD observed in this study, although it is difficult to evaluate the relative contribution of each event.
Genetic structure of the Greenlandic population and comparison with other populations To investigate possible signs of genetic structure in Greenland, an AMOVA analysis was performed with 14 Greenlandic sub-populations using autosomal data. The results showed that the majority of variation was detected within populations (98.9%) and a significant F ST value was observed (F ST ¼ 0.011; Po0.0001). Pairwise F ST genetic distances were calculated between the 14 Greenlandic and Danish populations (Supplementary Table S7 ). Within Greenland, the populations in Ammassalik and Nanortalik presented the greatest number of significant genetic distances compared with the other populations, although they did not differ significantly from each other. A second AMOVA analysis was carried out excluding the sample from Ammassalik. The global F ST decreased to around half of that of the previous value (F ST ¼ 0.005) and was statistically nonsignificant (P40.05). The highest genetic distance was observed between the population of Denmark and Ammassalik (F ST ¼ 0.101, Po0.0001). It is interesting to note that the degree of differentiation of 10% that was observed between the two populations is in the range of F ST values that are commonly reported between major human population groups for autosomal markers. 25 The Danish population also differed significantly from all other Greenlandic sub-populations, with pairwise F ST values varying from 4 to 9% (Po0.0001). The F ST value obtained among the Danes and the pooled Greenlandic population was 0.055 (Po0.0001). This indicates the striking genetic differences between the Greenlandic population, particularly Ammassalik, and the Europeans, represented here by the Danish population.
Pairwise F ST genetic distances were also calculated for the sets of X-chromosomal markers analysed in the populations from Denmark, Greenland, Bangladesh and Taiwan (Supplementary Table S8 ). Although all F ST values were statistically significant (Po0.0001), the highest genetic distances were found between Danes and Greenlanders, with the exception of X-SNPs, where the greatest differentiation involved Greenland and the two Asian populations. Overall, the results are in line with those derived from autosomal data, revealing higher values of F ST between Danes and the Greenlanders. Because of the haploid state in males, genetic drift proceeds more rapidly on the X chromosome, creating greater differentiation across populations on the X chromosome than on the autosomes. 12 The available data only allowed the comparison of the pairwise genetic distances provided by STRs. Furthermore, several factors can complicate the comparison, including gene diversity of the loci used for both data sets and differences in maternal and paternal generation intervals and gene flow. The F ST value observed was slightly higher for X-chromosomal STRs, although its order of magnitude was essentially the same as that derived from autosomal STRs (0.059 versus 0.055 for the X chromosome and autosomes, respectively).
To contextualise the genetic diversity of the populations studied in a broader geographical area, the results were compared with previously reported data (Supplementary Table 2 ). Pairwise F ST based on 13 autosomal STRs are represented in an MDS plot (Figure 2 ). The figure illustrates the clustering of European, African and Asian populations and the position of Danes within the framework of European diversity. The 14 Greenlandic populations were distant from most groups and appear to be more related to the Inuit from Alaska, especially the Inupiat and the Yupik. The genetic differentiation between these Alaskan samples and Athabaskan, also from Alaska, was previously addressed in Budowle et al 26 and was attributed to the genetic and linguistic relationships between the Athabaskan and Native American groups like Navajos and Apaches. The sample of Native Americans included in the analysis presented an intermediate position between Europeans and Inuit, which is also an indication of their admixed origin. The relative locations in the plot of all Greenlandic populations reinforce previous results and historic accounts that the founder Inuit groups determine the genetic background of Greenlanders.
For the X-chromosomal data, an MDS analysis was separately conducted for each set of X markers (Supplementary Figure S1) . Once again, data clustered according to the continent of origin. Independently of the number or type of markers considered, the Danes were positioned among the set of European samples and the Greenlanders appeared systematically distant from all other populations.
Isolation by distance
To investigate whether the results obtained for the F ST analyses were due to the isolation of the sub-populations in Greenland or could be explained by other factors (such as differences in founder populations), simulations were performed with the IBD software 19 for the 14 Greenlandic populations using autosomal data. Two possible scenarios were considered: (i) dispersion along the coastline or (ii) dispersion across the inland ice cap. When negative distances are present, the software can set all negative values to zero ('linear scale') or use a logarithmic transformation of the values ('logarithmic scale'). Owing to the similarity of the results obtained, only data for the linear scale model are presented (Table 2 ), but additional results can be found in Supplementary Figure S2 .
IBD is the decrease in the genetic similarity among populations as the geographic distance between them increases. 27 Indeed, the positive slope values obtained for the two dispersion scenarios conformed to that expectation of the presence of IBD. Nevertheless, significant P-values (Po0.05) were only obtained in the Mantel test for the correlation with coastal geographic distances. This result is understandable given the difficulty of transportation across the island, as the surface is mostly covered with ice. As a consequence, migration of individuals and communication between the various communities occur primarily along the coastline, mainly on the Western coast where most of the Greenlanders reside. According to the reduced major axis regression correlation that is implemented in the IBD software, 19 approximately 84% of the genetic differentiation inside the Greenlandic sub-populations may be due to a combination of effects, most likely genetic drift, and/or a different degree of non-Inuit gene flow within the different subgroups ( Table 2 ). The remaining 15.7% of differentiation could be ascribed to geographical distances. Nevertheless, because the sub-population from Ammassalik presented the lowest levels of genetic diversity, another test was carried out excluding this subsample as an attempt to assess how this population contributed to the observed results. When the individuals from Ammassalik were not considered, the role of IBD in creating genetic differentiation among groups was approximately 2.8%, revealing that factors other than geographic distance might be responsible for the genetic differentiation of the Greenlandic sub-populations.
Population admixture
To address the extent and relative contribution of Northern European ancestry in the population of Greenland, autosomal and X-chromosomal data were analysed in STRUCTURE v.2.3.4. 21 From the estimated posterior probability of the data (ln Pr(X|K)) obtained after 15 independent runs from K ¼ 1 to 5, it was consistently inferred that the most probable number of clusters (K) was K ¼ 2. The membership coefficient of each individual to belong to each of the two clusters (Q values) is depicted in Figure 3 . The results for K42 are presented as Supplementary Information (Supplementary Figure S3) . The mean and standard deviation of the proportion of membership of each sub-population to each cluster is also presented as Supplementary Information (Supplementary Table S9 ). Figure 3a clearly illustrates that most of the individuals from Ammassalik belonged to cluster 2 (light yellow), as did the majority of individuals from Nanortalik. Regarding the remaining Greenlandic sub-populations from South and West Greenland, the results showed different levels of admixed ancestry between clusters 1 and 2. Cluster 2 is most likely representative of non-Danish ancestry, because most Danish individuals were assigned to cluster 1 (blue). These findings are in agreement with those obtained from the AMOVA and the pairwise F ST values that also reflected the genetic differences between Greenlanders and Danes. A similar pattern of substructure in Genetic diversity of the Greenlandic population V Pereira et al Greenland has previously been described based on the study of mtDNA. 4 An analysis including only the 14 Greenlandic subpopulations (Supplementary Figure S3a) revealed different cluster proportions compared with the previous result. This is most likely due to the presence or absence of a reference European population in the analysis. Future studies should include other Inuit reference populations to clarify the differences observed when K42. Analysis of the X-chromosome data (Figure 3b ) was performed for Greenlanders and Danes (K ¼ 2) and the two Asian populations analysed in this work (K ¼ 3). The two Asian populations were assumed to be the best proxies for Inuit (as X-chromosomal data for other Inuit populations are currently unavailable), under the rationale that the comparison between the Greenlanders and the Asian groups could help to discern differences in the Northern European and Asian genetic heritages found among Greenlanders. The results mirrored those obtained for the autosomal STRs, with Greenlanders presenting a low level of the European/Danish ancestry component and also a low level of Asian ancestry. Taking into account that data for X-chromosomal markers includes individuals from all around Greenland, the proportion of European ancestry observed in X-chromosome markers (13%) is lower than that observed for autosomal data (27%) (Supplementary Table S9) ; the t-test P-value was statistically significant (Po0.0001). This result is not completely unexpected, because previous studies of uniparentally inherited markers [4] [5] [6] [7] 10 reported that the matrilineal ancestry of the Greenlanders is mostly non-European.
CONCLUSIONS
Although previous reports exist on Greenlandic genetic diversity, this is the first study performing an analysis based on autosomal and X-chromosomal information. This work attested to the complexity of the genetic pool of Greenlanders, corroborating a number of previous reports. 1, [4] [5] [6] [7] [8] [9] [10] 24 Taken as a whole, the results supported the historical and archaeological accounts of Greenland's demographic features. A hard-to-access geography, together with an adverse climate, rendered difficult not only the most ancient peopling of Greenland, initiated a few millennia ago, but also the settlement of the island. The relative isolation restricted contact from other regions, and the immigration history paved by successive waves of migration could have created conditions for strong bottlenecks and other effects of genetic drift in the Greenlandic population. Signs of the intricate history are still visibly retained in the genetic patterns of current Greenlanders, as exemplified by the reduced levels of diversity and the increased extent of LD in comparison with other populations. Importantly, this work brought attention to the population of Ammassalik, which consistently exhibited the lowest levels of diversity and European admixture. The pattern of substructure detected in Greenland corroborates previous reports on mtDNA 4, 10 and Y-chromosomal lineages [6] [7] [8] [9] that indicated that East Greenland is the most isolated area in Greenland. It also suggests that Ammassalik most likely represents one of the best windows into the genetics of Greenlanders in pre-European times. Genetic diversity of the Greenlandic population V Pereira et al
